Background Ghrelin plays a role in appetite and has been hypothesized to play a role in the mechanism of Roux-en-Y gastric bypass (RYGB) surgery. Single nucleotide polymorphisms (SNPs) in the promoter region of its receptor gene (growth hormone secretagogue receptor type 1a-GHSR) have also been associated with weight loss outcomes following long-term dietary intervention in adults with impaired glucose tolerance. Our objectives were to evaluate changes in serum ghrelin levels and determine the effect of GHSR promoter polymorphisms on post-RYGB surgery weight loss. Methods Preoperative and 6-month postoperative serum ghrelin levels were measured in 37 patients with extreme obesity undergoing RYGB surgery. Total ghrelin was also measured in liver tissue collected intraoperatively. Association analysis between genotypes for SNPs rs9819506 and rs490683 in the promoter region of the GHSR gene and weight loss outcomes in the 30 months following surgery was performed in over 650 RYGB patients. Results Serum ghrelin levels increased after RYGB surgery. Weight loss trajectories were significantly different using an additive model for both ghrelin SNPs, with patients homozygous for the rs490683 CC genotype exhibiting the most weight loss. Weight loss trajectories were also different using a dominant model. The rs490683 risk allele demonstrated decreased promoter activity in vitro. Conclusions The role of increased ghrelin levels in weight loss outcomes following RYGB surgery may be influenced by variation in the GHSR gene.
Introduction
Roux-en-Y gastric bypass (RYGB) surgery has emerged as an effective treatment for extreme obesity that ameliorates many related comorbid conditions such as hypertension, sleep apnea, hyperlipidemia, and others [1] . Ghrelin, a 28-amino acid peptide that is secreted primarily from the stomach and proximal small intestine that stimulates appetite and promotes food intake [2] , has been hypothesized to play a role in the mechanism of RYGB [3, 4] . Ghrelin is secreted in response to a reduction in gastrointestinal contents and is suppressed by eating [5] . Circulating ghrelin is activated through enzymatic acylation that is essential for binding to its receptor, the growth hormone secretagogue receptor type 1a (GHSR). GHSR is expressed in a wide variety of tissues [6] [7] [8] . In human and animal studies, activation of the GHSR receptor through ghrelin binding results in increased food intake and weight gain [9] [10] [11] .
Ghrelin blood levels are inversely proportional to BMI; obese individuals have lower circulating ghrelin levels [12] . Dietary weight loss substantially elevates ghrelin levels [13] stimulating appetite. Studies of plasma ghrelin levels following RYGB surgery vary, with some showing decreases [14] [15] [16] [17] [18] [19] [20] [21] , no change [4, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , or increases [32] [33] [34] [35] [36] in fasting ghrelin levels. Why the studies vary so widely is not clear, but may relate to technical differences in surgical procedures [37] . Few studies have examined ghrelin levels in other tissues.
Variations in the ghrelin and ghrelin receptor genes have been linked to obesity, eating behavior and appetite, blood triglycerides, fasting insulin, and insulin resistance [38] [39] [40] [41] [42] . In particular, two ghrelin receptor promoter single nucleotide polymorphisms (SNPs), rs490683 (GHSR194) and rs9819506 (GHSR288), were correlated with BMI, weight loss during a dietary intervention, and measures of insulin resistance [43] . Differences in ghrelin receptor promoter activity measured in vitro via luciferase assay have been reported [44] , which may cause reduced ghrelin activity.
In order to further define the role of ghrelin in RYGB surgery, we measured ghrelin levels in plasma and liver tissue. We also determined the association of two ghrelin receptor promoter SNPs with BMI, the prevalence of comorbid conditions and weight loss following a short-term dietary intervention, and weight loss trajectory post-RYGB surgery. The effect of the SNPs on promoter activity was also measured.
Methods

Patients
A total of 694 individuals who underwent gastric bypass surgery at Geisinger Medical Center, Danville, PA, USA from 2004 to 2010 were consented and enrolled in an institutional review board-approved study investigating predictors of weight loss, metabolic syndrome, and non-alcoholic steatohepatitis (NASH). From the 694 individuals, blood samples for genetic analysis were available from 657 and liver and serum samples for ghrelin protein analysis from 37 (Tables 1 and 2 ). The 37 patients were stratified into four groups by the presence of type 2 diabetes mellitus (T2D) and non-alcoholic fatty liver disease (NAFLD) activity: presence of T2D (+D) (T2D) and NAFLD (+N) designated as (+D/+N); presence of type 2 diabetes but normal liver (+D/−N); presence of NAFLD but not type 2 diabetes (−D/+N); and absence of both conditions (−D/−N). NAFLD/NASH activity was quantified by using the criteria outlined by Kleiner et al. [45] as part of a clinical evaluation by a pathologist. The classification of the 37 male and female patients was as follows: (+D/+N), n09; (+D/−N), n09; (−D/ +N), n08; and (−D/−N), n011.
Liver Ghrelin Analysis
Liver wedge biopsies were obtained during RYGB surgery, cut into two sections for formalin fixation and immediate immersion in liquid nitrogen, and stored at −80°C. Frozen liver tissues (~0.5 g) were mechanically homogenized with 500 μL 1× phosphate buffered saline (PBS) assay buffer containing Complete Mini Protease Inhibitor Cocktail (1 tablet per 3 mL PBS final concentration, 3.5× protease inhibitor, Roche Diagnostics). Buffer solution was free of organic solvents and detergents. Homogenized samples were centrifuged at 14,000 rpm for 10 min and protein-containing supernatant was recovered. Total ghrelin from liver tissue homogenate (with no additional HCl or protease inhibitor) was analyzed in duplicate by ELISA (Human Ghrelin (Total) ELISA, Millipore Corp.) using PBS cocktail as the assay buffer. Sensitivity was determined at 100 pg/ml for des-octanoyl ghrelin in serum.
Blood Ghrelin Analysis
Fasting blood samples from a clinic visit approximately 3 months prior to surgery were available from 30 of 37 patients on whom frozen liver was also available. A second sample was collected at a 5-or 12-month postoperative clinic visit. Whole blood was collected in serum separator tubes (containing no protease inhibitor or HCl). Serum was extracted and stored at −80°C. Pre-and postoperative serum samples were analyzed in duplicate for total ghrelin via ELISA with the same kit specifications as above (Millipore Corp.).
Clinical Measurements
Pre-surgical values for fasting insulin, glucose, and HbA1c were measured using Roche automated clinical chemistry methodology in the Geisinger Clinical laboratory. The homeostasis model assessment (HOMA) was used to assess pancreatic β-cell function, insulin sensitivity, and insulin resistance. The measurement of insulin resistance was calculated by the HOMA calculator, version 2.2 (Diabetes Trial Unit, University of Oxford, UK) using clinical values of fasting insulin (microunits per milliliter) and fasting glucose (milligram per deciliter). This software calculates HOMA for glucose values between 54.1 and 450.5 mg/dl and insulin values between 2.9 and 57.6 μU/ml. Height and weight were recorded at all clinic visits. Ideal body weight was based on a BMI of 25 kg/m 2 . Excess body weight was calculated as actual body weight minus ideal body weight; percentage of excess body weight lost was calculated as (weight lost/excess body weight)×100.
DNA Isolation and Genotyping
SNPs at two loci in the promoter region of the ghrelin receptor gene (rs490683 and rs9819506) were selected based on prior reports of significant association with BMI and glucose tolerance during dietary weight loss [43] . DNA was isolated as previously described [46] . Following DNA isolation, samples were genotyped for two ghrelin receptor promoter SNPs, rs490683 and rs9819506, using reagents and protocol provided by Applied Biosystems (rs490683-C__2169194_10 and rs9819506-C__2863288_10).
Promoter Activity Assay
The effects of SNP rs490683 on promoter activity were evaluated by subcloning an insert of 154 nucleotides (nt), encompassing the SNP, into the pGL3-basic luciferase vector as we have previously described [47] [48] [49] . The fidelity of the DNA sequence and the presence of the two different genotypes were confirmed by sequencing. The mouse adult hypothalamic cell line, A2/12 (Cellutions Biosystems, Inc.), was used for transient transfections which were performed by electroporation as we have previously described [49] . After overnight incubation, cells were harvested and luciferase activity was measured and adjusted as we have previously described [49] . The data shown represent six replicate measurements from two independent experiments. Statistics Data were analyzed using SPSS Statistics 17.0 (IBM) and SAS v9.2 (SAS). Normality was assessed and nonparametric tests were applied as appropriate. Baseline patient characteristics were compared using chi-square tests, twosample t tests, and ANOVA, where appropriate. Pre-and postsurgical values were evaluated using paired t tests and the post hoc Student-Newman-Keuls was employed for multiple comparisons after ANOVA, unless otherwise noted. Linear mixed regression models with a random intercept were used to determine whether dietary weight loss and postoperative weight loss were associated with SNP genotype. Statistical models were conducted by using allelic status (dominant and recessive models). For each subject, multiple weight measures from pre-and postsurgery were included in the model. The dependent variable was percent of excess body weight loss. The independent variables, chosen to enable a flexible, nonlinear shape to the weight loss curve, were the continuous variable for time from surgery (including quadratic and cubic terms), indicator variables for each genetic group, and an indicator variable for whether the measure was before or after surgery. All two-and three-way interactions were tested and retained when significant. The parameter estimates from final models were used to create weight loss curves for each genotype group. Significance was set at p<0.05 and values are reported as mean±standard error of the mean, unless otherwise indicated.
Results
Serum and Liver Ghrelin
Pre-and post-RYGB serum samples were available from 37 patients for ghrelin analysis. Analysis of demographic data showed significant sex differences for age and presurgical HbA1c (Supplemental Table 1 ) so the results from the three males were excluded. Initial analyses compared those with type 2 diabetes to those without and those with NAFLD to those with normal liver histology. Each of the four individual groups was then analyzed for differences against the others. Patients without T2D were significantly younger than those with T2D and those with T2D had higher presurgical glucose, insulin, and HOMA levels, consistent with type 2 diabetes (Table 1) . Neither pre-RYGB (mean time before surgery 3.9 ± 0.5 months, range 0.5-10 months) nor post-RYGB (mean measurement time postsurgery 5.9±0.4 months, range 4.5-12 months) total serum ghrelin levels differed by T2D or NAFLD status, nor among the four individual diabetic and NAFLD groups (Fig. 1) . However, post-RYGB surgery total serum ghrelin levels ( Fig. 1) were significantly higher than presurgical levels in all patients (postsurgery, 2.7±0.20 ng/ ml vs. presurgery, 1.8±0.20 ng/ml, p00.004). Serum ghrelin levels were also higher post-RYGB surgery in patients with or without T2D or NAFLD. Liver ghrelin levels also did not significantly differ by group (Supplemental Fig. 1 ).
Genetic Association Analyses
Association analysis of two GHSR promoter SNPs (rs490683 and rs9819506) with weight loss was performed in 657 subjects ( Table 2 ). The 657 subjects had a total of 12,612 weight (and therefore BMI) measurements (mean of 19.2 per patient). Genotyping was successful in 94 % of patients (617 out of 657) for rs490683 and in 96 % (633 of 657) of patients for rs9818506. The genotype frequencies (Table 3) were consistent with HapMap data. Both loci were in Hardy-Weinberg equilibrium (p>0.05). Significant sex differences were observed for age, baseline BMI, percentage with type 2 diabetes, and presurgical glucose, insulin, and HOMA (Table 2) . However, neither gender nor any of these variables were significantly associated with either of the GHSR promoter SNPs (additive model p values were all>0.05). Both sexes were therefore included in the weight loss analyses.
Linear mixed modeling of weight loss during a dietary pre-RYGB weight loss program as well as weight loss following RYGB surgery was performed using additive, recessive, and dominant models. The weight loss curves using an additive model were significantly different for both SNPs (Fig. 2) , with patients homozygous for the rs490683 (GHSR194) CC genotype exhibiting the most weight loss. Weight loss trajectories were also different using a dominant model (Fig. 3) . With this genetic model, the rs9819506 (GHSR288) SNP minor (T) allele was associated with more weight loss. Using a recessive model, the weight loss curves for the rs9819506 (GHSR288) SNP were not significantly different (Supplemental Fig. 2 ).
Promoter Activity
The ghrelin receptor SNPs analyzed are located in the 5′ promoter region of the gene. We selected the rs490683 SNP to analyze for impact on promoter activity in vitro based upon the association with weight trajectories after RYGB surgery. The rs490683 C/C genotype had a 20 % (Fig. 4) lower (p0 0.055) luciferase activity in the adult hypothalamic A2/12 cell line compared to the G/G genotype. Bioinformatic modeling of the region encompassing the SNP showed that substitution of the "G" allele by the "C" results in a change of the recognition site for the potential binding of transcription factors from ARP-1 to ELK-1 and from H4TF2 to NF1/L.
Discussion
Previous studies on the effects of RYGB surgery on fasting serum ghrelin levels in patients with extreme obesity have Fig. 1 Serum total ghrelin levels pre-and post-RYGB surgery. There were no differences between groups at either pre-or post-RYGB. Postsurgical serum ghrelin levels were significantly higher than presurgical levels; n04-8/group/ timepoint; *p<0.05 Table 3 Frequency of GHSR promoter SNPs rs490683 and rs9819506
Major/major G/G00.51 (n0335) C/C00.47 (n0312) Major/minor G/C00.36 (n0235) C/T00.40 (n0266)
Minor/minor C/C00.07 (n047) T/T00.08 (n055) Undetermined 0.06 0.04 been mixed. An initial study by Cummings and colleagues reported a decrease in plasma ghrelin levels 6 months after RYGB surgery [37, 50] . Other studies replicated decreased fasting ghrelin levels post-RYGB surgery [14] [15] [16] [17] [18] [19] [20] [21] , but others reported no change [4, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] or significant increases in postsurgical ghrelin levels [32] [33] [34] [35] [36] . One study demonstrated ghrelin levels decreased immediately after surgery, returned to preoperative levels by 1 month postsurgery, and were further elevated after 12 months [34] . Differences in response may be related to variations in surgical technique such as the conformation and size of the remaining stomach pouch, variations in technical aspects of ghrelin assay measurements, and effects of plasma insulin on the regulation of ghrelin [37] . Disruptions in vagus nerve signaling during surgery may also affect postsurgical ghrelin levels. The RYGB surgical procedure on whom we obtained serum levels was standardized for all patients, eliminating this as a variable for this study. In addition to differences in surgical technique, the stability of body weight, i.e., state of energy balance, may also affect ghrelin plasma levels after RYGB. We found that ghrelin levels increased after surgery at a time when patients are still in the phase of moderate weight loss, consistent with ghrelin's function as an appetite stimulant, at levels that were comparable to values obtained for similar populations [32] . Although liver has not been identified as a major location of ghrelin action, both receptor subtypes 1a and 1b are expressed in liver tissue and ghrelin has direct actions on insulin, TNF-α, and IL-6 [8, 51, 52] . We found that total ghrelin levels in liver were similar to those found in serum. Whether ghrelin serves an autocrine function in the liver or our results merely reflect the high vascularity and blood content of the liver is not known. Interestingly, we found no relationship between ghrelin (liver or serum), leptin, IL-6, or TNF-α levels with NAFLD or type 2 diabetes mellitus. Leptin, TNF-α, and IL-6 have been hypothesized to be involved in the development of insulin resistance and NAFLD and increase with increased severity of insulin resistance and type 2 diabetes [53, 54] . Our results are based Fig. 2 Linear mixed modeling of weight loss by individual rs490683 (GHSR194) and rs9819506 (GSHR288) genotypes in the 30 months following RYGB surgery. a Using an additive model, significant differences in weight loss trajectories were present among the three genotype groups for rs490683 (p00.011).
b Using an additive model, significant differences in weight loss trajectories were present among the three genotype groups for rs9819506 (p<0.0001). N0number of patients in analysis; n0total number of BMI measurements on a population with extreme obesity; thus, the degree of fat mass that contributes to the metabolism of these cytokines may obscure otherwise detectable differences in leaner populations.
We found significant associations between ghrelin receptor SNPs rs9819506 and rs490683 and the trajectory of weight loss in the first 30 months following RYGB surgery using linear mixed modeling with more than 10,000 BMI measurements from 657 patients of mixed European ancestry. Previously, an association was reported between the C/C genotype of rs490683 and weight loss during a 3-year dietary intervention in a study of 507 Finns with impaired glucose tolerance [43] . Our data indicate that RYGB patients who were the C/C genotype at this locus lost about Fig. 3 Linear mixed modeling of weight loss using a dominant genetic model for rs490683 (GHSR194) and rs9819506 (GSHR288) in the 30 months following RYGB surgery. a Significant differences in weight loss trajectories were present in the patients who carried the minor allele for rs490683 (p<0.0097). b Significant differences in weight loss trajectories were present in the patients who carried the minor allele for rs9819506 (p<0.0072) 5 % more excess body weight than patients who did not carry this genotype, whereas C/C patients lost 1-3 % more body weight in the Finnish lifestyle study. The higher weight loss induced by the RYGB surgery may be related to the relative effectiveness of the two interventions. We also found that patients who carried the C/C genotype at rs9819506 lost slightly less weight, whereas no significant difference in weight loss was found in the Finnish study at this locus. Moreover, functional analysis of SNP rs490683 in an adult mouse hypothalamic cell line showed that the homozygous C/C genotype attenuated activity of the promoter by approximately 20 %. This could lead to reduction of expression levels of GHSR1 that may lower the net signaling from ghrelin binding, decreasing appetite resulting in weight loss, countering the increase in ghrelin levels that occurs following RYGB surgery allowing individuals with these genotypes to achieve more favorable weight loss outcomes.
The mechanism by which the lowered transcriptional activity occurs is suggested by the alteration of consensus transcription factor binding sites by the rs490683 C/C genotype. Previous functional studies using gel-shift assays and rat hypothalamic nuclear extracts showed that the "C" allele was associated with a sevenfold attenuation in binding affinity, possibly due to the disruption of a putative binding site for the nuclear factor-1 transcription factor [43] . This is consistent with our functional analysis of the same SNP, whereby the "C" allele reduced promoter activity in mouse clonal hypothalamic cells. Furthermore, we also found that the minor allele at locus rs9819506 was associated with more weight loss after RYGB surgery. The favorable genotype at these two ghrelin receptor promoter loci may provide part of the mechanism for variation in weight loss and weight maintenance in patients undergoing RYGB surgery.
